Abstract Shear-thickening fluid-impregnated aramid (STF-im-AR) fabrics have been manufactured for advanced soft body armor applications for which they provide improved ballistic and stab resistances. It is not yet clear whether or not such improvements can be attributed solely to the STF. In this study, the rate-dependent behavior of an STF-im-AR fabric was investigated at the fabric level, using uniaxial tensile, bias-extension, and picture-frame tests. Rate-dependent behavior of the STF-im-AR fabric was observed during uniaxial tensile testing; however, the effect of the STF treatment was slight and consistent with only the inherent effect of the polymeric nature of its constituent fibers. The shear rigidity of the STF-im-AR fabric increased, due to the presence of the STF and the sensitivity of the fabric's shear stiffness to changes in the shear strain rate also increased slightly. This rate-sensitive shear stiffness of STF-im-AR fabrics may contribute to improved ballistic and stab resistances.
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Introduction
Woven fabrics made of high-performance fibers, such as aramid (for example, Kevlar) or ultra-high molecular weight polyethylene, have been used in many protective applications, including ballistic and stab body armors [1, 2] . These fibers have been chosen as soft body armor materials mainly due to their high strengths, light weights, flexibility, and heat resistances, which provide better mobility and protection, particularly in military applications [3] [4] [5] . The agility and mobility of soldiers wearing such soft armor depend on the performance-to-weight ratio of the materials. Especially polyamide fibers (aramid fibers), which have strong primary (the amide bonding in single fiber chain) and secondary bonding (hydrogen bonding between the fiber chains) in molecular structure, are used for soft armor applications due to the high strength and toughness [6] [7] [8] [9] [10] [11] [12] . Thus, many studies have focused on improving the fiber properties, in particular stiffness and strength [13, 14] and heat resistance [15] . On the other hand, the effect of fabric structure, including textile laminating and stitch pattern [16] [17] [18] [19] [20] [21] [22] , weaving pattern (and resulting elastic properties) [23, 24] , and uncertainty of textile [25] , on ballistic and stab resistance have been investigated to design the soft body armor. Although these endeavors have improved the bullet and stab resistance of soft body armor, further improvement is still needed. One approach is to consider other functional materials, such as those developed through nanotechnology.
A shear-thickening fluid (STF) is one of these materials [26] [27] [28] . Shear-thickening behavior refers to a non-Newtonian fluid phenomenon, i.e., the viscosity increases with the shear strain rate. This behavior is frequently observed in dense suspensions [29] [30] [31] ;
an STF consisting of a suspension of nanoparticles has been reported [29] . When nanoparticles are included in a suspension at high volume fractions, the suspended colloidal particles can form hydroclusters when subject to high shear stresses, leading to highly viscous and even solid-like behaviour [7, 30] . In previous works, STFimpregnated aramid (STF-im-AR) fabrics were manufactured, demonstrating enhanced stab and ballistic resistance [7, 22, 26, 32] . Experimental research has suggested many cooperative mechanisms to explain the improvement during penetration testing [14, 33] ,
reporting that STF-im-AR fabrics can disperse the absorbed energy through yarn rotation, lateral sliding, uncrimping, translation, plastic deformation and fracture. Based on these fundamental considerations of STF, attempts have been made to design optimized soft fabric body armor using experimental studies including yarn pull-out test, bulletproof test, and conventional impact test [20, 22, [34] [35] [36] [37] [38] [39] [40] . Finite element analysis was also carried out to analyse the mechanical behaviour of soft fabric body armor at high shear strain rate, which cannot be observed in experiment. Quantification of the STF effect, however, was not carried out in those studies. The STF effect has been quantified from yarn pull-out tests of STF-im-AR fabrics where the pulling force was measured. A clear enhancement of the pull-out force of a single yarn at pulling rates in the 1-1,000 mm/min range was reported [22, 41, 42] . The maximum pull-out force increased sharply beyond a certain pulling rate (the critical pulling rate). These critical pulling rates increased as the silica nanoparticle content in the STF increased. STF-im-AR fabrics have demonstrated encouraging results such as enhanced energy dissipation and stab and ballistic resistances; however, the mechanism behind such improvement, in particular at the fabric level, requires clarification.
In this study, the effect of an STF on the rate-dependent behavior of AR fabrics was investigated using uniaxial tensile (UT) and shear tests. The measurement range was determined directly from the machine crosshead travel rate, as the tensile strain rate is directly related to the crosshead speed of the tensile test machine. In contrast, during fabric shear tests such as the picture-frame (PF) test, the shear strain rate is determined by both the crosshead speed and fabric specimen size. Bias-extension (BE) tests were also carried out as they enabled testing at higher shear strain rates than the PF tests.
Experimental

Materials
The STF was prepared by dispersing silica nanoparticles (provided as a methanol suspension) in polyethylene glycol (PEG). The silica nanoparticles were spherical with an average diameter of 84 nm. PEG (molecular weight: 200) was chosen as the dispersant because it was less volatile at low temperatures and thus would minimize aging. The silica sol was mixed with PEG using a homogenizer to make a suspension with a silica content of 65 wt% (i.e., 65 wt% silica and 35 wt% PEG), after removing the methanol dispersant via drying in a vacuum oven over a 12 h period. The extent of STF impregnation was observed after drying using a field-emission scanning electron microscopy (FE-SEM) (JSM7600F, JEOL) up to 3,000 × magnification. The magnifications up to 3,000 × were determined considering the size of fibers and impregnated STF clusters, referring to previous literatures [26, 31] .
All fabric specimens were prepared using Heracron HT840 plain woven AR fabric (840 denier, 26.2 yarns per inch, Kolon Corporation, Korea) with an areal density of 200 g/m 2 . The STF suspension was applied to the AR fabric using a brush. The low viscosity of the STF assisted its penetration into the fabric. The STF-im-AR fabric was compressed at 2 kN/m 2 for 10 min. By weighing the STF-im-AR fabric after removing the methanol by drying in vacuum oven, the additional weight of the STF suspension to the fabric was determined as 22 % by measurement. The thicknesses of the neat and STF-im-AR fabrics were 0.28 and 0.31 mm, respectively. The fabrics were cut into test specimens using a laser cutter (JG-10060, K2 laser system, Korea).
Characterization
Rheological characterization of the STFs
The rheological behaviors of the STFs were characterized using a stress-controlled 
Uniaxial tensile testing of the STF-im-AR fabric
UT testing of the STF-im-AR fabric was carried out in accordance with the standard ASTM D5034; five specimens were tested for each test condition. Note that this uniaxial tensile test and other tests with STF impregnated fabric were performed under room temperature, considering the effect of temperature to STF viscosity. The fiber direction was aligned with the loading direction. Note that the fiber direction in woven fabrics means the warp and weft directions. Even though the yarns have waviness (undulations), the yarns can be aligned in the straight direction by viewing them above the top of fabric. Cuts perpendicular to the loading direction were introduced at the center of a fabric specimen, making a narrow test region ( Figure 1 ).
The tensile test was performed using two types of tensile testing machines: an Instron 8801 (Instron, maximum crosshead speed: 1,000 mm/min) and a Zwick Z2.0 (Zwick/Roell, maximum crosshead speed: 15,000 mm/min). For relatively low crosshead speeds, 10/100/1,000 mm/min, the Instron 8801, equipped with a 100 kN load cell and automatic hydraulic parallel grips, was used. For high speed tests, 5,000/10,000/15,000 mm/min, the Zwick Z2.0 with a 2 kN load cell and mechanical parallel grips was used. Each end of the fabric specimen was gripped over a 30 mm length; the gauge length was 100 mm. The tensile load was measured and normalized by the width of the gauge region of the fabric (10 mm), while the strain was measured using a high-speed camera tracing two points marked on the fabric specimen. The neat AR fabric was tested using the same method for comparison.
Bias-extension and picture-frame shear testing of the STF-im-AR fabric
The shear properties of the STF-im-AR fabric were determined using the BE and PF tests [43] [44] [45] [46] . The BE test specimens were I-shaped ( Figure 2 ). The fiber direction of a specimen was aligned 45° with respect to the loading direction. To induce pure shear deformation in the center of the testing region, the height/width ratio of a testing specimen, λ, was set at 2/1. The height of the clamping area was the same as the width of the test specimen, while the width of the clamped region was three times that of the width of the test specimen. The BE test was performed using both test machines described in Section 2.2.2. For the Instron 8801 machine, the crosshead speed was set to 100/500/1,000 mm/min, while higher crosshead speeds (5,000/10,000/15,000 mm/min)
were achieved using the Zwick Z2.0 machine. The specimen was marked to measure changes in the fiber angle during the BE test (Figure 2(b) Cruciform specimens were prepared for the PF shear tests (Figure 3 ). The specimen consisted of a main rectangular region and four clamping regions. The fiber direction was orientated at 45° with respect to the loading direction. PF tests were performed using the same test machines as used to conduct the BE tests. The crosshead speed conditions for each machine were also set to 100/500/1,000 mm/min and 5,000/10,000/15,000 mm/min for the Instron 8801 and Zwick Z2.0, respectively. A special picture frame was constructed to hold the specimen in the machine. The picture frame consists of four bar (with the same length of 130 mm) linkages and bearings (see Figure 3 (c)). Holes were introduced to the bars to hold the fabric using bolts [43] . The specimen was marked to measure changes in the fiber angle using a high-speed camera ( Figure 3(b) ).
Normalization of the shear test data
The reaction force, crosshead displacement, speed and fiber angle data were obtained from the BE and PF shear tests. Normalization of the data was required to reveal the shear properties of the STF-im-AR fabric, independent of the specimen size and test method. By considering the stress generated by deforming a sample, Harrison et al. [47] [48] [49] developed the following approximate normalized shear force, which is suitable for rate-dependent materials tested using the BE test method: 
where is the reaction or axial force measured at the crosshead during the BE test and λ is the ratio between the height and width of the test specimen. A detailed explanation of this normalization scheme can be found in [43] . The ideal shear angle in the central region (region A) of the fabric can be calculated from the crosshead displacement using Eq. (2):
where θ is the shear angle, d is the crosshead displacement, and w is the sample width.
PF test results were normalized simply by dividing by the side length of the PF rig. The axial force was measured and transformed into the shear force per unit length using Eq.
where is the frame angle of the picture frame, F pf is the axial reaction force recorded by the tensile testing machine, and L pf is the side length of the PF rig (in this study, the side length of the sample test area and the side length of the PF rig were 130 and 200 mm, respectively). Considering the PF geometry, the shear angle of the fabric, θ, is related to the displacement of the crosshead, d, as follows: ,
Eq. (4) is the theoretical shear angle of the PF test, which is compared with the measured shear angle to assess the deformation behavior of the fabric inside the PF rig. Figure 4 shows the rheological data for the STFs, i.e., the viscosity and shear stress resulting in the onset of the shear thickening at lower shear strain rate [50] [51] [52] [53] . In all cases, shear-thinning behavior was evident prior to the onset of shear-thickening. In this study, the 65 wt% concentration was selected for the STF used to impregnate the fabric system, due to its moderate viscosity and low onset shear rate for shear-thickening. The shear-thickening effect is observed in the shear stress graphs, i.e., the slope of the shear stress with respect to the shear rate is higher in the shear-thickening region. It was not possible to measure the viscosity of the STF for certain shear rates beyond 10 4 s −1 , due to the shear stress capacity limitation of the rheometer (10 5 Pa).
Results and discussion
Rheological properties of the STFs
SEM images of the STF-im-AR fabric are provided in Figure 5 . The micrographs demonstrate that the STF had fully impregnated the AR fabric. Figure 5 
(a)-(c) and (d)-(f)
show the neat and STF-im-AR fabrics, respectively. Even at low resolution, the impregnated state is clearly seen in Figure 5 
Uniaxial tensile test results
The UT test was conducted for the neat and STF-im-AR fabrics ( Figure 6 ). The crosshead speed of the test machine was varied from 10-15,000 mm/min to produce strain rates in the gauge region of the sample that ranged from 0.00166-2.50 s −1 . The measured forces were normalized by the width of the fabric specimen (instead of by its cross-sectional area). The stress-strain curves were relatively insensitive to strain rate.
Mechanical properties including the elastic modulus, tensile strength, and failure strain were investigated ( Figure 7 ). The elastic modulus was measured as the secant modulus in the 0.002-0.010 strain range. The elastic modulus of the STF-im-AR fabric increased with increasing strain rate (Figure 7(a) ). This trend was observed for both the neat and STF-im-AR fabrics; however, the minimal difference between these fabrics implied that the rate effect was not caused by the STF. As the strain rate increased, the average tensile strength and failure strain of the fabrics decreased slightly (Figure 7 which we can deduce no interaction between amide group and PEG. On the other hand, penetrated silica nanoparticles can deteriorate the surface of aramid fibers, resulting in the decreased tensile strength [27, [35] [36] [37] . As the strain rate increased, silica nanoparticles might cause more scratches, bringing about decreased tensile strength and failure strain. Thus, the rate effects apparent in the tensile response of both fabrics most likely stem from the viscoelastic nature of these fibers.
Shear properties measured using the uniaxial bias-extension test
The effects of the STF on the fabric shear properties were investigated using the BE test. Figure 8 shows a typical result for both untreated and STF-im-AR fabrics. The crosshead speed ranged from 100-15,000 mm/min, i.e., the shear rates varied from 0.122-3.003 rad/s. The normalized shear force and ideal shear angle were calculated using Eqs. (1) and (2), respectively. To conveniently quantify and interpret the shear force vs. shear angle curves, a bilinear approximation of the curve was used to define two moduli (Slopes 1 and 2) and a knee angle (the transition of the moduli), as shown in Figure 9 (a). The knee angle can be used to describe the shear properties of the fabric, because this angle is related to the locking characteristics of the fabric.
Figure 9 (b) and (c) demonstrate that both Slopes 1 and 2 increased due to the STF coating; at the same shear angle, the shear force of the STF-im-AR fabric was about three times that of the untreated fabric. This increase was attributed to the effect of the impregnated silica nanoparticles deposited from the STF suspension that impeded tow and inter-tow shear by increasing friction between the fibers. Note that the nature of Slopes 1 and 2 were determined by deformation mechanism. At low shear strain, the pure shear is dominant (Slope 1 region), however as the shear strain increases, the deformation mode deviates from pure shear [3, 4] , i.e., intra-ply slip or yarn jamming become dominant. The gradient of Slope 1 and Slope 2 vs. angular shear rate increased linearly for both the treated and untreated fabrics. The gradient of Slope 2 vs. angular shear rate was slightly different for the two types of fabric (Figure 9(c) ), i.e., the two fitted linear lines were not parallel; the increasing Slope 2 of the treated fabric indicates a greater sensitivity to increasing strain rate. The knee angle of the STF-im-AR fabric was lower than that of the AR fabric, and the knee angle in both fabrics decreased with increasing shear strain rate. It is likely that the STF suspension partially filled the space between the fibers or tows, thereby impeding the shear deformation and compaction of the fabric and resulting in a shift of the knee angle due to yarn locking [33, 54, 55] .
These results suggest that the shear rigidity of the STF-im-AR fabric increased, due to the presence of the STF and sensitivity to the strain rate. Figure 10 shows the normalized shear force vs. ideal shear angle for the untreated and STF-im-AR fabrics as measured by the PF test. The crosshead speed of the tensile machine ranged from 100-15,000 mm/min, applying shear rates to the fabrics of 0.010-1.022 rad/s. These strain rates were smaller than those used in the BE tests, due to the larger specimen geometry used for the PF test. The normalized shear force and shear angle were calculated using Eqs. (3) and (4) . The shear rigidity of the STF-im-AR fabric was higher than that of untreated fabric, confirming the stiffening effect of the silica particles in the PF test.
Picture-frame test results
Similar to the BE test results, the shear force vs. angle curves (Figure 10 ) for the PF tests could be approximated by bilinear curves and three parameters (Slope 1, Slope 2 and the knee angle) (Figure 11 ). Slopes 1 and 2 increased linearly with angular shear rate, while the knee angle decreased. The shear rigidity of the STF-im-AR fabric was higher than that of the untreated fabric. These trends were the same as for the BE test.
Slopes 1 and 2 of the untreated and STF-im-AR fabrics are parallel to each other; i.e., both fabrics showed a rate dependency, and the STF effect was as evident as with the BE tests (see the low shear strain rate data in Figure 9 ). The knee angle shown in Figure   11 (c) is slightly different for the two fabrics; the linearly decreasing trend of knee angle with angular shear rate of STF-im-AR fabric was slightly more pronounced for the treated fabric than for the untreated fabric. The same explanation as explained in section 3.3 can be also applied to the trend of the knee angle.
Finally, Figure 12 compares the bilinear shear properties of the untreated and STFim-AR fabrics, measured using the BE and PF tests. Slope 1 and the knee angle measured using the PF tests were smaller than those obtained from the BE tests, while Slope 2 from the two tests was similar. This was attributed to the deformation mechanism of the woven fabrics. The shear behavior involves other forces resulting from the yarn contacts, of which the contribution to the axial force is larger than that of fabric shearing; the shear behavior of woven fabrics after locking is not significantly dependent on the test (PF and BE) [48, 49] . Therefore, Slope 2 was similar for the PF and BE tests. Slope 1, however, represents the shear stiffness of woven fabrics at low shearing angle, i.e., under small deformation. Therefore, Slope 1 can be more influenced by test boundary conditions or deformation modes (for example, pure shear or simple shear, or yarn straightening) than Slope 2, resulting in differences in Slope 1 for the two tests. Nevertheless, because the trends of Slopes 1 and 2 and knee angle are the same for the two tests in the low shear strain rate regime, it is meaningful to discuss the ratedependent shear behavior of woven fabrics using these three properties when measured at a high shear strain rate by the BE test.
Conclusion
The rate-dependent mechanical properties of an STF-im-AR fabric were investigated using UT, BE, and PF tests. Rate-dependent behavior of the tensile 
